The West Antarctic Peninsula region is experiencing some of the most rapid elevations in temperature of any marine environment. We assessed thermal tolerance of white-and redblooded Antarctic notothenioid fishes inhabiting these waters, using a modified critical thermal maximum (CT max ) design. Temperature was elevated acutely from ambient at a constant rate of 3.6ЊC h
Thermal Tolerance of Antarctic Notothenioid Fishes Correlates with Level of Circulating Hemoglobin Introduction
The Antarctic Peninsula is recognized widely as one of the planet's "hot spots" of rapid climatic warming (Steig et al. 2009 ). Effects on the terrestrial ecosystem have been extensive: collapse of ice shelves, glacier shrinkage, and exposure of new habitat (Clarke et al. 2007; Schofield et al. 2010) . The bordering oceanic environment has also been impacted. Waters surrounding the West Antarctic Peninsula (WAP) are warming more rapidly than other regions of the world's oceans (Vaughan et al. 2003; Meredith and King 2005) . Surface waters near the WAP have risen in temperature by ∼1ЊC over the past 50 yr and are predicted to rise by another 2ЊC in the coming century (Meredith and King 2005; Murphy and Mitchell 2005) . Cascading effects from rapid regional warming of the WAP have already become evident in the surrounding marine ecosystem. Changes in species abundance and distribution have been noted, resulting in shifts in community structure and alterations in food web dynamics (McClintock et al. 2008; Aronson et al. 2009; Schofield et al. 2010) . While much attention has been focused on broad-scale ecological impacts of climate change, there has also been considerable interest in the effects of temperature elevation on individual species. The thermal tolerance limits of a species define the thermal "window" (the entire temperature range that permits survival) and yield insight into physiological plasticity in response to shifting temperature regimes.
Antarctic marine ectotherms live in Earth's coldest, most thermally stable marine environment. Consequently, many Antarctic species have become highly stenothermal and are characterized by low and narrow temperature windows (Somero and DeVries 1967; ). Indeed, some invertebrate species have exceptionally narrow thermal windows and are affected by temperature elevations as small as 1Њ-2ЊC above habitat temperature ). Thermal tolerance limits of Antarctic notothenioid fishes have also been investigated, although thermal sensitivities of the suborder's most distinctive family, the white-blooded icefishes, have not been assessed (Somero and DeVries 1967; Hofmann et al. 2000; Mark et al. 2002; Podrabsky and Somero 2006; Franklin et al. 2007) .
Antarctic icefishes (family Channichthyidae) are one of eight families of the perciform suborder Notothenioidei, which dominates the fish fauna surrounding Antarctica (Eastman 1993) . Icefishes are unique in that they are the only known vertebrate animals that as adults completely lack the circulating oxygenbinding protein hemoglobin (Hb) in their blood (Ruud 1954) . Many species within the family also do not express the intracellular oxygen-binding protein myoglobin (Mb; Sidell et al. 1997) . A suite of cardiovascular modifications appears to have compensated for the loss of these important respiratory hemoproteins. Icefishes have larger and more extensive vasculatures, greater blood volumes, larger hearts, and more numerous cardiac mitochondria compared with similar-sized red-blooded notothenioids (Hemmingsen and Douglas 1970; Fitch et al. 1984; O'Brien and Sidell 2000; Wujcik et al. 2007) . A combination of high-throughput circulatory systems, low absolute metabolic rates, and the exceptionally well-oxygenated waters of the Southern Ocean ultimately permit this group of animals to supply enough oxygen to their tissues and survive without Hb and/or Mb (Hemmingsen 1991) .
A lack of expression of oxygen-binding proteins is not without costs. Loss of Hb has led to greater energetic expense to the circulatory system, and loss of Mb has resulted in decreased cardiac performance (Sidell and O'Brien 2006) . Additionally, the oxygen-carrying capacity of the blood in icefishes is reduced to less than 10% of that in red-blooded fishes (Holeton 1970) . Current environmental conditions of the Southern Ocean (i.e., cold, stable, well-oxygenated waters) combined with anatomical and physiological adjustments of cardiac performance have allowed icefishes to compensate for the reduced oxygen-carrying capacities of their blood. However, future climatic warming may exacerbate the icefishes' already difficult situation of maintaining oxygen homeostasis. As warming occurs, oxygen availability will decline due to inverse proportionality of oxygen solubility and temperature; metabolism will simultaneously increase, creating a mismatch between oxygen supply and demand. Thus, we anticipate that icefishes might be more susceptible to thermal warming than red-blooded fishes because of an inability to supply adequate levels of oxygen to their tissues.
We evaluated the thermal sensitivities of Antarctic notothenioid fishes, including two icefish species, using a modified critical thermal maximum (CT max ) experimental design (Cowles and Bogert 1944) . This design has benefits over other methods because of its ease of use, its requirement for fewer animals, and its shorter experimental exposure times (Lutterschmidt and Hutchison 1997) . The magnitude of thermal insult experienced by an organism is an integral of both exposure temperature and duration of exposure. Consequently, the very short duration of the CT max experimental design inherently yields upper thermal limits that are much warmer than the physiological habitat range for an organism. Likewise, the use of criteria such as loss of righting response (LRR) to define CT max produces a thermal limit that is higher than the temperatures at which many physiological systems are affected. Nonetheless, CT max provides a useful means of comparing relative thermal tolerances of organisms and reliably rank-ordering thermal sensitivities among species, and it has been widely used for this purpose (Lutterschmidt and Hutchison 1997) . Species with a CT max that is close to their normal habitat temperature-that is, species with a narrow thermal window-will undoubtedly be more vulnerable to a rise in temperature than animals with a broader thermal window.
Our study had two major objectives: (1) to evaluate whether thermal tolerance limits of notothenioid fishes correlate with readily accessible metrics of the blood oxygen-carrying capacities (e.g., hematocrit) of both white-and red-blooded species and (2) to assess the capacity of a notothenioid species (Notothenia coriiceps) to adjust thermal limits in response to 1 wk of exposure at a modestly increased environmental temperature (4ЊC). We believe that this study is the first to examine the thermal tolerance window of icefishes.
Material and Methods

Animal Collection
We collected five species of Antarctic notothenioid fishes from the waters of the Antarctic Peninsula region during the austral autumns (April- (Günther, 1880) were also caught in baited traps set at a depth of 200-500 m in both Dallmann Bay and Palmer Basin (64Њ50 S, 64Њ04 W). Upon capture, animals were held aboard the vessel in flowing seawater tanks until transfer to the aquarium facility at the US Antarctic research base Palmer Station, where they were maintained in covered, flowing-seawater aquaria at ambient water temperatures of C. Animals were main-0Њ ‫ע‬ 0.5Њ tained in aquaria for several days prior to experimentation, to enable recovery from capture-related stress. Only fish that were in healthy condition were used in our study. All research was in compliance with University of Alaska (UAF) guidelines for work conducted on vertebrate animals (institutional approval 134774-2). The UAF-approved protocol of our coinvestigator, K. M. O'Brien, was endorsed by the University of Maine Institutional Animal Care and Use Committee.
Thermal Tolerance Experiments
We assessed thermal tolerance using a modified CT max experimental design (Cowles and Bogert 1944; Lutterschmidt and Hutchison 1997) . Animals were transferred in groups of two to three to a 700-L insulated experimental tank at least 2 h before the start of each experiment (specimen size range: mass, 400-1000 g and total length, 33-46 cm). The aquarium room was kept dark during the time course of each experiment to minimize stress to these relatively dark-adapted fishes; only red lights were used for monitoring animal behavior. Temperature was elevated acutely from ambient at a constant rate of 3.6ЊC h
Ϫ1
, and CT max was defined as the temperature where animals lost righting response (LRR). Selection of the rate of increase in temperature is critical in the design of CT max experiments. The temperature ramp must not be so slow as to permit the process of physiological acclimation to the new temperature regime; this would give an inaccurate picture of the experimental population at the outset of the study. It also is desirable to avoid a temperature ramp that is so rapid that the core body temperature of modest-sized animals lags significantly behind the change in environmental temperature. Our choice of a heating rate of 3.6ЊC h Ϫ1 , while slower than the heating rates often used in CT max experiments (∼1ЊC min Ϫ1 ; Lutterschmidt and Hutchison 1997), was chosen to avoid both of these pitfalls. The key point to emphasize is that we sought to determine the relative thermal tolerance limits of the different species, and the protocol we employed was suitable for this objective, whatever the absolute CT max values, which depend on heating rate, happened to be.
Seawater circulation in the experimental tank was maintained using a saltwater-compatible pump that drew water from the tank and directed the flow through a 3-kV titanium inline heater (AquaLogic, San Diego, CA). Heated water then reentered the tank and mixed with incoming ambient seawater as it passed through an air lift centered on the bottom of the tank. Incoming ambient seawater flow was controlled by a flow meter mounted on the wall next to the tank; during experimental runs, this flow was stopped and only heated seawater was permitted to recirculate through the tank. Time and temperature data were recorded throughout each experiment using a HOBO Water Temp Pro V2 temperature logger. Raw data were imported into Microsoft Excel, and linear regression analysis was used to compute CT max endpoints and verify a constant rate of temperature change. Despite the large volume of the tank, we were able to maintain constant rates of temperature change with this technique (Fig. A1 in the online edition of Physiological and Biochemical Zoology). Upon reaching their CT max , each animal was removed from the tank and then processed as described below. Additionally, we subjected a group of N. coriiceps individuals to 1 wk of exposure at 4ЊC before measurement of CT max to test whether Antarctic notothenioids have the capacity to compensate for modest elevations in temperature for a short period of time. None of the notothenioid species that we examined showed the often-observed behavior of "spasms" or "tremors" before LRR. We did, however, observe a period of hyperactivity in some animals just before LRR.
Tissue Preparation
Animals were anesthetized in MS-222 (Finquel, Argent Chemical Laboratories, Redmond, WA) in seawater (1 : 7,500 w/v) before blood collection and tissue harvest. Specimens were killed by cervical transection, and this was followed by rapid excision of the brain. Tissues collected for measurement of gene expression were excised quickly, frozen in liquid nitrogen, and stored at Ϫ80ЊC.
Measurement of Plasma Lactate and Hematocrit
Samples were prepared for determination of plasma lactate concentration by first drawing blood from the caudal vein of anesthetized fish and then mixing this blood with a 3.2% sodium citrate solution to prevent clotting. Samples from red-blooded fish (N. coriiceps) were mixed at a 9 : 1 blood to sodium citrate ratio (volume : volume), while samples from white-blooded fish (C. rastrospinosus) were prepared at 4 : 1. Whole blood samples were centrifuged at 5,300 g for 10 min at 4ЊC; plasma was drawn off and frozen at Ϫ80ЊC for later analysis.
Plasma lactate was measured using a commercial lactate kit according to manufacturer's instructions (BioVision Research Products, Mountain View, CA). Briefly, diluted samples (controls, 1 : 10; thermally treated samples, 1 : 200) were analyzed in a VERSAmax microplate reader at 450 nm and then compared with a lactate standard curve. All samples were measured in duplicate, and mean values were computed for each individual. For hematocrit (Hct) measurement, blood was drawn from anesthetized red-blooded fishes (G. gibberifrons, L. squamifrons, and N. coriiceps) into heparinized capillary tubes and then centrifuged for 5 min in a hematocrit centrifuge. The percentage of red blood cells in whole blood was calculated using digital calipers. Hct measurements were performed in triplicate, and mean values were calculated for each individual.
Isolation of RNA
Total RNA was extracted from brain, heart, and pectoral muscle tissue of C. rastrospinosus and N. coriiceps specimens using an RNeasy Fibrous Tissue Mini Kit according to manufacturer instructions (Qiagen, Valencia, CA). RNA concentration and quality were assessed by spectral analysis using a Beckman DU640 spectrophotometer. Only samples with an A 260 : A 280 ratio of 1.8-2.1 and an A 260 : A 230 ratio of 1.6-2.0 were used for further analyses. Samples were visualized on 1% agarose gels stained with ethidium bromide to evaluate RNA integrity. RNA was stored at Ϫ80ЊC until later processing.
Quantitative Real-Time PCR of Hypoxia-Inducible Genes
Levels of mRNA abundance for two hypoxia-inducible genes, hypoxia-inducible factor-1 alpha (HIF-1a) and prolyl hydroxylase domain containing protein 2 (PHD2), were measured with quantitative real-time polymerase chain reaction (qRT-PCR). Gene-specific primers (Table 1) were prepared previously and designed from conserved regions of cDNA sequence among notothenioid species of interest (Beers et al. 2010 ). qRT-PCR was performed with a qScript One-Step SYBR Green qRT-PCR Kit, Low ROX (Quanta BioSciences, Gaithersburg, MD), with a Stratagene MX4000 and the following cycling parameters: 1 cycle of 10 min at 50ЊC, 1 cycle of 5 min at 95ЊC, 40 cycles of 10 s at 95ЊC, and 30 s at 60ЊC. Final reaction volumes for HIF1a and PHD2 contained 2.5 ng mL Ϫ1 of total RNA. Only 0.01 ng mL Ϫ1 of total RNA was used to measure expression level of the "housekeeping" gene, 18S ribosomal RNA, to adjust for its greater cellular abundance compared with target genes. Primer concentrations ranged from 100 nM for HIF-1a and 18S to 200 nM for PHD2. Reactions were run in triplicate and negative controls were included on each plate to ensure lack of amplification of genomic or contaminating DNA. A melt-curve anal- for each N p 8 species. Significant differences in CT max between species are denoted by a contrast in symbol shade ( ). P ≤ 0.001 ysis was performed at the completion of every run to verify amplification of only a single product in each reaction.
Standard curves of linearized plasmid were run on each experimental plate for both target and reference genes, and copy number was computed for each sample. We then normalized expression of each target gene to that of 18S rRNA. Evaluation of 18S as a suitable housekeeping gene in tissues of notothenioids has been reported previously (Urschel and O'Brien 2008) . LinRegPCR (ver. 11.0) was used to evaluate PCR efficiencies for all reactions (Ramakers et al. 2003) .
Statistical Analyses
Comparisons among species for differences in CT max , lactate concentration, and Hct level were performed in SigmaStat (ver. 3.1; Systat Software) using a one-way ANOVA with a post-hoc Student-Newman-Keuls test ( ). A Student's t test was P ≤ 0.05 used to determine significant differences in gene expression between control (i.e., held at 0ЊC) and CT max animals and also to analyze whether 1 wk of exposure to 4ЊC affected CT max of N. coriiceps ( ; ) . N p 5 P ≤ 0.05
Results
Thermal Tolerance Is Directly Correlated with Hematocrit
Our data illustrate a strong positive correlation between CT max and Hct (Fig. 1) . The hemoglobinless icefishes Chionodraco rastrospinosus and Chaenacephalus aceratus displayed the greatest thermal sensitivity, with the lowest recorded CT max values of C and C, respectively. Hb-13.3Њ ‫ע‬ 0.2Њ 13.9Њ ‫ע‬ 0.4Њ expressing Lepidonotothen squamifrons, a species with relatively low Hct compared with other red-blooded notothenioids, had a CT max temperature ( C) similar to those of ice-14.2Њ ‫ע‬ 0.4Њ fishes. However, Gobionotothen gibberifrons and Notothenia coriiceps, red-blooded fishes with Hcts higher than that of L. squamifrons, displayed significantly greater CT max values than icefishes and L. squamifrons. Notothenia coriiceps, a species with a normal Hct of approximately 35%, had the greatest thermal tolerance to acute increase in water temperature ( C). 17.1Њ ‫ע‬ 0.2Њ Thermal tolerance of N. coriiceps is not affected by a 1-wk exposure to a modestly elevated temperature of 4ЊC (17.0Њ ‫ע‬ C). Animal size did not influence CT max for any of the 0.1Њ species tested (data not shown).
Effect of Acute Temperature Elevation on Hematocrit and Plasma Lactate
Red-blooded notothenioids subjected to an acute elevation in temperature responded by elevating their Hct (Fig. 2) . Gobionotothen gibberifrons and N. coriiceps showed the most significant increases in Hct upon reaching CT max (approximately 24% and 16%, respectively), whereas L. squamifrons had only a modest 7% rise in Hct.
Plasma lactate concentrations of thermally treated C. rastrospinosus and N. coriiceps (species with the lowest and highest CT max values recorded in this study) were significantly greater than those of control animals (Fig. 3) . The approximate 10-fold treatment effect of white-blooded C. rastrospinosus was double that of the 5-fold change seen in red-blooded N. coriiceps; however, absolute lactate concentrations were greater in the red-blooded species. . Different lowercase letters denote N ≥ 6 statistically significant differences among control species ( ). P ≤ 0.001 An asterisk denotes a significant difference between control and CT max groups within each species ( ). P ≤ 0.05
Effect of Acute Temperature Elevation on mRNA Levels of Hypoxia-Inducible Genes
We measured mRNA levels of two genes associated with an hypoxia-inducible response, HIF-1a and PHD2. As when performing the lactate measurements, we performed experiments solely on the two species having the lowest and highest recorded CT max temperatures (C. rastrospinosus and N. coriiceps, respectively). The most notable result was the increase in mRNA abundance of HIF-1a in cardiac tissue of N. coriiceps (Fig. 4) . This increase reflected an approximate 1.6-fold change in relative mRNA copy number. We did not detect a treatment effect on HIF-1a levels in either brain or pectoral muscle tissue of N. coriiceps. The expression pattern of PHD2 in tissues of N. coriiceps was similar to that of HIF-1a; the increase of mRNA abundance in heart tissue, however, fell just short of statistical significance ( ). P p 0.06 Examination of mRNA levels of the same genes in tissues of C. rastrospinosus revealed no significant changes in the expression of PHD2 (Fig. 5) . However, there was a small difference in the level of HIF-1a mRNA in pectoral muscle between control and CT max animals of C. rastrospinosus ( ). This P p 0.05 represented the only significant decrease in HIF-1a mRNA level in response to an acute temperature elevation.
Discussion
Thermal Tolerance Correlates with Oxygen-Carrying Capacity of Notothenioids
We report a clear pattern of temperature sensitivity among notothenioid fishes that vary in Hct level, an indicator of oxygen-carrying capacity of the blood. Previous research from our laboratory has shown that Hct closely correlates to expression of Hb in these species (Beers et al. 2010) . Thus, results indicate that notothenioids that lack Hb completely or that have low levels of Hb have narrower thermal windows than do species with comparatively high Hb levels. These findings suggest that animals with low oxygen-carrying capacities, particularly icefishes, may be highly susceptible to environmental increases in temperature. The narrower thermal window of icefishes compared with that of closely related red-blooded relatives is not a surprise, but the absolute CT max temperatures of all species are higher than we might have anticipated. Earlier studies report lower thermal tolerance limits for notothenioid fishes than the findings we present here. However, not all of these studies are directly comparable, because of vastly different experimental designs. The classic determination of upper incipient lethal temperature (UILT) requires exposure of experimental animals to elevated temperatures for 1 wk (Fry 1971) . CT max designs, on the other hand, expose fish to a continuously greater thermal shock over a period of only minutes or hours (Lutterschmidt and Hutchinson 1997) . Because the magnitude of thermal insult is undoubtedly a product of time and temperature, for any given species CT max temperatures are invariably higher than UILT temperatures. Comparisons of absolute thermal tolerance limits must be considered with this in mind.
The seminal study on temperature sensitivities of Antarctic fishes by Somero and DeVries documented an UILT of approximately 6ЊC for three red-blooded notothenioids of the genus Trematomus (Somero and DeVries 1967) . Other reports have since used modified CT max designs to show survival temperatures ranging from 9Њ-13ЊC for the Antarctic eelpout Pachycara brachycephalum and 9Њ-10ЊC for the red-blooded notothenioid Lepidonotothen nudifrons van Dijk et al. 1999; Mark et al. 2002) . In light of these results, the relatively high CT max temperatures that we found for icefishes are somewhat surprising. There are at least two possible explanations that are worth noting again. First, prior thermal history may influence CT max and UILT; however, there are species-specific responses (see section below). Many of the animals from the above-mentioned studies were collected in colder waters of Antarctica than the WAP region (e.g., Somero and DeVries [1967] used animals from the Ross Sea), and a change in temperature as small as 1Њ-2ЊC can have profound influences on an organism's physiological fitness and even its survival . Second, it is difficult to obtain comparable data when using thermal tolerance experimental protocols that deviate even slightly (Lutterschmidt and Hutchison 1997) . What is clear, however, is that there are species-specific responses to temperature change and there is no "one size fits all" model for Antarctic notothenioids. To assess how climate change will affect the Southern Ocean ecosystem as a whole, it will be necessary to collect data on the effects of temperature on many member species. Relative mRNA copy numbers were computed for HIF-1a (A) and PHD2 (B) using quantitative real-time polymerase chain reaction. Expression of each target gene was normalized to 18S rRNA. Comparisons of mRNA levels were made between control ( C) and thermally 0Њ ‫ע‬ 0.5Њ treated animals (CT max ). Values are presented as means ‫ע‬ SEM;
for each group. An asterisk denotes treatment effect within that N ≥ 5 tissue (
). P ≤ 0.05
What Determines Thermal Tolerance of the Intact Organism?
Loss of righting response (LRR) is a failure of a behavior mediated by complex neural pathways. Direct effects of temperature on biophysical properties of membranes, such as microviscosity, are well established, can be modified by thermal acclimation, and can be correlated with behavioral traits of fishes (Cossins 1977; Cossins and Prosser 1978) . Consequently, one might postulate that LRR, chosen as a criterion for CT max in our experiments, might reflect a direct effect of temperature on membrane properties leading to disruption of synaptic function. Because all experimental species in our study are closely related phylogenetically and are from the same thermal environment, one would expect that these features would more likely cause similarity in LRR temperature/CT max than contribute to differences in these parameters.
Any physiological mechanism that might lead to failure in neuronal/synaptic function would be a possible candidate for underlying LRR. This could include such features as thermally induced metabolic derangement, including inability to deliver sufficient oxygen to support aerobic metabolism of the neural tissue involved in this behavioral pathway. Indeed, inadequate supply of oxygen to tissues as a result of increasing temperature may lead to early limitation in the cardiovascular physiology of marine ectotherms (Pörtner and Knust 2007; Pörtner 2010) . This concept of oxygen-limited thermal tolerance implies an hypoxic milieu within tissues. Although the results of our CT max experiments point toward an oxygen deficiency setting thermal tolerance limits, we did not directly measure either ambient or intracellular oxygen concentrations. Calculations of oxygen solubility in seawater indicate that animals should have been exposed to a 26%-33% reduction in ambient oxygen concentration at their CT max . Plus, oxygen demand by tissues will increase as body temperature increases. These two factors would translate to a much greater decrease in available oxygen at the tissue level. Just as there are speciesspecific differences in thermal tolerance, the same is true for tolerance of hypoxia. Cold-adapted species typically require high oxygen levels, while warmer water species (e.g., cyprinids) can survive from full anoxia to hyperoxia (Lushchak and Bagnyukova 2006) . A 26%-33% reduction in oxygen concentration most likely causes a significant shortfall in oxygen supply at the tissue level in cold-adapted notothenioids. Furthermore, this reduction in oxygen at the tissues will be particularly pronounced for icefishes that have blood with less than 10% of the oxygen-carrying capacity of red-blooded-fishes (Holeton 1970) .
Even without direct measurements to confirm oxygen deficiency, our results provide convincing support for oxygenlimited thermal tolerance in notothenioid fishes. A high correlation between CT max and normal Hct, in combination with elevation of Hct and blood lactate concentration in CT max animals, support that thermally treated fish experience a hypoxic for each group. An asterisk denotes treatment effect N ≥ 4 within that tissue ( ). P p 0.05 insult. Increased Hct is often a first response to low oxygen conditions, as a means to elevate oxygen-carrying capacity. While Hct in white-blooded animals is zero because of lack of red blood cells, we found that all experimental species of redblooded notothenioids experienced increased Hct in response to acutely elevated temperature. Elevated Hct in CT max animals is a response that facilitates greater oxygen delivery to tissues in red-blooded species subjected to experimental treatment, such as hypoxia. Greater plasma lactate concentrations in thermally treated animals compared with in control animals indicate a shift from aerobic to anaerobic metabolism that is typical during hypoxic conditions.
As a final means of probing an oxygen-limitation hypothesis, we analyzed mRNA expression levels of two genes that have key roles during hypoxic response, HIF-1a and PHD2. HIF1a is one of two subunits that comprise the heterodimeric transcription factor, HIF-1. HIF-1 is often called the "master regulator" for its role in inducing expression of many genes during hypoxia, including those involved in angiogenesis, glycolysis, and erythropoiesis (D' Angelo et al. 2003; Wenger et al. 2005) . Expression of HIF-1a is highly regulated, while HIF-1b, the other subunit of HIF-1, is expressed constitutively. During normoxia, PHD2 hydroxylates proline residues on HIF-1a, targeting the protein for proteasomal degradation. PHD2 is inactive without oxygen, thus blocking degradation of HIF-1a and allowing its accumulation, which stimulates transcription of downstream genes (Berra et al. 2003) . Upregulation of PHD2 during hypoxia acts as a feedback mechanism to prevent the continuation of a hypoxia-inducible response upon reoxygenation (D'Angelo et al. 2003) .
We recognize that the relatively short duration (∼3-5 h) of our modified CT max design may not seem to be a sufficiently long treatment period to observe major changes in gene expression. However, in a study using the red-blooded notothenioid Trematomus bernacchii, Buckley and Somero (2009) observed differential expression of 262 different genes following a 4-h heat-shock at 4ЊC. Thus, our protocol likely did provide a sufficient thermal stress and adequate time for heat-induced changes in gene expression to occur.
We did in fact see a change in mRNA abundance of hypoxiainducible genes in heart tissue of N. coriiceps. An hypoxic response in cardiac tissue is not surprising given the circulatory anatomy of notothenioid fish; because coronary vessels are absent, the heart is reliant on lumenal venous blood from the systemic circulation and would be exposed to lower levels of oxygen than the other tissues that we sampled. Cardiac function has been shown to decrease precipitously upon reaching acute thermal limits, thereby implicating it as "an obvious candidate for a cause of acute thermal death" (Somero 2010) . That CT max of cardiac function is the same as the UILT of porcelain crabs provides strong support for a mechanistic connection between whole-animal thermal tolerance and collapse of a specific organ (Stillman and Somero 1996; Stillman 2002 Stillman , 2003 . However, intriguing as the results by Stillman and Somero (1996) are, we must consider that the mechanistic underpinnings of thermal tolerance in a myogenic fish heart might be very unlike that in a neurogenic crab heart because of differences in cardiovascular anatomy and regulation.
In light of the limitations described above, the lack of response observed in hearts of C. rastrospinosus is not entirely unanticipated. It is possible that the duration of the treatment for these animals was not long enough to induce changes in expression of mRNA or that HIF-1a and PHD2 were regulated by posttranslational modifications and not via transcription. Changes in mRNA expression due to heat stress and/or hypoxia can also be highly transient and tissue specific (Buckley et al. 2006; Law et al. 2006; Rissanen et al. 2006) . Tissue specificity would explain the small but significant change in the level of HIF-1a in pectoral muscle tissue of C. rastrospinosus. Although not clear-cut, these data are consistent with the concept of oxygen-limited thermal tolerance.
Capacity of Antarctic Fishes to Modify Thermal Tolerance Limits
The degree to which animals are able to adjust their thermal sensitivity is an important consideration when assessing overall impact of climate change on species, populations, and ecosystems (Stillman 2003; Somero 2010) . Thermal history (i.e., acclimation or acclimatization) plays a key role in determining how an organism will respond to future environmental temperature change (Stillman 2003) . Thus, the very cold, stable temperatures of Antarctic waters have resulted in a high degree of thermal specialization and extreme stenothermy of endemic species Somero 2010) .
There has been debate about the potential for highly stenothermal Antarctic species to adapt to rising temperature. Thermal specialization has been thought to be accompanied by trade-offs that compromise the ability to respond to changes in temperature Somero 2010 ). The few investigations into this claim have yielded mixed results. Studies by Franklin, Seebacher, and respective colleagues have shown that a red-blooded notothenioid, Pagothenia borchgrevinki, has the capacity to acclimate cardiac factorial scope to elevated temperatures (Franklin et al. 2007; Seebacher et al. 2005) . Podrabsky and report increased heat tolerance in two species of Trematomus (Trematomus pennellii and Trematomus bernacchii), but they did not observe an increase in tolerance in the notothenioid P. borchgrevinki or in a deep-water zoarcid species, Lycodichthys dearborni. Their finding that P. borchgrevinki did not increase heat tolerance thus directly contrasts the results of Franklin et al. (2007) and Seebacher et al. (2005) .
Our data indicate that the red-blooded notothenioid N. coriiceps is unable to modify its heat tolerance after exposure to 4ЊC for 1 wk. Although 1 wk is a relatively short period, increases in thermal tolerance have been shown to develop within 1-2 d of exposure to 4ЊC in T. bernacchii (Podrabsky and Somero 2006) . Due to a shortage of animals and time constraints in the field, we were unable to run the same experiment with an icefish species. However, on the basis of available information, we cannot assume that icefishes will respond in the same manner as N. coriiceps due to species-specific responses in capacity to compensate for elevated temperatures.
Summary and Conclusions
Results from our study show that organismal temperature sensitivity is highly correlated with the oxygen-carrying capacity of the blood. Thus, Antarctic notothenioids that lack Hb completely or that have low levels of Hb may be more susceptible to elevated temperatures that accompany climate change than species with comparatively high levels of Hb. Although we do not have a detailed understanding of the mechanism(s) setting thermal tolerance limits, our data support the concept of oxygen-limited thermal tolerance. Mechanistic underpinnings of thermal sensitivity at the cellular and molecular levels remain unresolved. The degree to which animals can adjust thermal tolerance also is an important consideration when assessing the impact of future climate change. Exposure to 4ЊC for 1 wk revealed that red-blooded N. coriiceps does not alter thermal tolerance to acute elevation of temperature, at least under these experimental conditions. Taken as a whole, our results suggest that Antarctic notothenioids will be vulnerable to effects of global warming, which may have profound consequences in physiological performance, geographic distribution, and species survival. Icefishes in particular are sensitive to elevation in temperature due to their lack of Hb and may be sentinel species for climate change.
